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Graduate School of Pharmaceutical Sciences, Kyoto University, Kyoto, JapanABSTRACT The presence of a sarcoplasmic reticulum (SR) Kþ-selective ion-channel has been known for >30 years yet the
molecular identity of this channel has remained a mystery. Recently, an SR trimeric intracellular cation channel (TRIC-A) was
identiﬁed but it did not exhibit all expected characteristics of the SR Kþ-channel. We show that a related SR protein, TRIC-B,
also behaves as a cation-selective ion-channel. Comparison of the single-channel properties of puriﬁed TRIC-A and TRIC-B
in symmetrical 210 mM Kþ solutions, show that TRIC-B has a single-channel conductance of 138 pS with subconductance levels
of 59 and 35 pS, whereas TRIC-A exhibits full- and subconductance open states of 192 and 129 pS respectively. We suggest that
the Kþ-current ﬂuctuations observed after incorporating cardiac or skeletal SR into bilayers, can be explained by the gating of
both TRIC-A and TRIC-B channels suggesting that the SR Kþ-channel is not a single, distinct entity. Importantly, TRIC-A is regu-
lated strongly by trans-membrane voltage whereas TRIC-B is activated primarily by micromolar cytosolic Ca2þ and inhibited by
luminal Ca2þ. Thus, TRIC-A and TRIC-B channels are regulated by different mechanisms, thereby providing maximum ﬂexibility
and scope for facilitating monovalent cation ﬂux across the SR membrane.INTRODUCTIONThe sarco/endoplasmic reticulum (SR/ER) is a complex intra-
cellular Ca2þ-storage system orchestrating the balance of
Ca2þ-release and reuptake necessary for a range of physiolog-
ical processes. Ryanodine receptors (RyR) and inositol 1,4,5-
triphosphate receptors (IP3R) act as channels for the release of
Ca2þ from these intracellular stores and Ca2þ-ATPases return
cytosolic Ca2þ to the SR. However, there are many other
proteins associated with the SR/ER that are involved in fine-
tuning the Ca2þ-release/Ca2þ-uptake process. Screening for
proteins associated with SR/ER membrane systems has led
to the identification of a number of novel molecules thought
to support cellular Ca2þ-homeostasis (1–3). The trimeric intra-
cellular cation (TRIC) proteins with molecular masses of ~33
kDa, TRIC-A and TRIC-B, fall into this category (1). TRIC-A
is preferentially expressed in excitable tissue, whereas TRIC-
B is localized in most tissues. Both are membrane-spanning
proteins containing three putative trans-membrane segments
and are predicted to form homotrimetric structures (1).
Purified TRIC-A was shown to behave as a monovalent
cation channel after incorporation into planar phospholipid
bilayers (1). This led to the idea that TRIC-A could supply
a countercurrent of monovalent ions to balance the rapid
loss of positive charge from the SR during Ca2þ-release
events. By analogy, TRIC-B was also assumed to be an ion-
channel, although no direct proof of this capacity was shown.
The physiological necessity of TRIC-Bwas shown recently in
knockout mice lacking the TRIC subtypes (1,2). The TRIC-ASubmitted January 8, 2010, and accepted for publication April 23, 2010.
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0006-3495/10/07/0417/10 $2.00knockout mouse is viable but the TRIC-B knockout mouse
dies of respiratory failure shortly after birth, whereas double
knockout mice lacking both TRIC-A and TRIC-B die due
to embryonic heart failure. The pathology of these knockout
mouse models points to an impairment of SR/ER Ca2þ-
release. To understand the critical importance of TRIC-B to
cellular Ca2þ-homeostasis we need to examine the function
of the TRIC-B protein itself. We therefore reconstituted puri-
fied TRIC-B into artificial membranes to establish if it could
act as an ion-channel.
Our results show that TRIC-B is an ion-channel with prop-
erties distinct from those of TRIC-A. Incorporation of
cardiac and skeletal SR vesicles into bilayers also suggests
that the Kþ-selective channel events ascribed previously to
a single SR Kþ-channel (4–6), are likely to result from the
openings of two discrete ion-channels, TRIC-A and TRIC-
B, which are regulated by different gating mechanisms.MATERIALS AND METHODS
Preparation of recombinant TRIC subtypes
TRIC proteins carrying a His-tag were stably expressed in the methylotro-
phic yeast Pichia pastoris, solubilized from total microsomal fractions
prepared and enriched using a Ni-affinity resin. Both recombinant TRIC-
A and TRIC-B preparations showed high purities as shown in Results.
For further details see Supporting Material.Preparation of SR membrane vesicles
Light SR (LSR) membrane vesicles were prepared from either sheep cardiac
muscle or from rabbit skeletal muscles as described previously (7). LSR
vesicles were frozen rapidly in liquid nitrogen and stored at 80C.doi: 10.1016/j.bpj.2010.04.051
FIGURE 1 Single-channel properties of purified TRIC-B. (A) Purification
of recombinant TRIC-B from yeast culture. Proteins in each fraction were
separated on an SDS-polyacrylamide gel and stained with Coomassie
blue. (B) Purified TRIC-B single-channel recordings in symmetrical
210 mM KPIPES at the indicated holding potential. O and C represent the
fully open and closed states, respectively. (C) Current-voltage relationship
of the full open state. Values are mean 5 SD (n ¼ 6). Where not shown,
error bars are within the symbols.
FIGURE 2 Subconductance states of purified TRIC-B. (A) The top trace
illustrates typical current fluctuations to the fully open state and a subconduc-
tance open state atþ50 mV. The lower trace illustrates an additional subcon-
ductance state labeled S2B. O and C represent the fully open and closed
states, respectively and S1B and S2B denotes openings to subconductance
states. (B) The probability of dwelling in each open state at þ50 mV (left)
and 50 mV (right). O, S1B, and S2B denote the fully open and subconduc-
tance levels. Values shown are mean 5 SD (n ¼ 3). (C) Current-voltage
relationships for the S1B and S2B subconductance states in symmetrical
210 mM KPIPES. Values shown are mean 5 SD (n R 4). Where not
shown, error bars are within the symbols.
418 Pitt et al.Planar lipid bilayer techniques
Purified TRIC-channels or SR vesicles from rabbit skeletal muscle or sheep
cardiac muscle were reconstituted into planar phosphatidylethanolamine
lipid bilayers as described previously (7). The trans chamber was held at
ground and the cis chamber was held at potentials relative to ground. For
experiments using Kþ as the permeant ion, after fusion (unless stated other-
wise), both the cis and trans chamber were perfused with 210 mM KPIPES,
10 mM HEPES, and ~15 mM free Ca2þ (pH 7.2). Detailed data acquisition
and analysis is described in the Supporting Material.
Data are expressed as mean 5 SD. Where appropriate, Student’s t-test
was used to assess the difference between mean values.RESULTS
Basic functional properties of TRIC-B
Fig. 1 A shows a Coomassie-stained SDS-PAGE gel of
sequential steps in the purification of recombinant TRIC-B
from yeast culture. The right lane shows the fraction that
was subsequently reconstituted into bilayers. Typical exam-
ples of the resulting single-channel currents, are shown in
Fig. 1 B. Each fusion event resulted in the incorporation of
multiple channels but where possible, for clarity, figures
only show examples of single-channel gating. Under theseBiophysical Journal 99(2) 417–426experimental conditions, TRIC-B was more open at positive
than at negative potentials and exhibited substantial levels
of open channel noise. The consistent voltage-dependent
behavior of TRIC-B led us to assume that TRIC-B usually
incorporated into the bilayer in the same orientation.
Occasionally, the voltage-dependence of TRIC-B was
reversed (Po higher at negative potentials) and we discarded
these experiments. The current-voltage relationship for
TRIC-B showed a single-channel conductance of 138 5
8 pS (Fig. 1 C). TRIC-B was also found to open to multiple
subconductance open states as shown in Fig. 2 A. The top
trace shows frequent gating between the fully open state
(O) and a subconductance state (S1B), which is ~40% of
the fully open channel level. The lower trace illustrates
gating behavior that was more typical, where TRIC-B
predominantly gates to the subconductance levels with
only brief sojourns in the fully open state. This trace also
shows a second subconductance open state (S2B) that is
~25% of the fully open channel level. TRIC-B can gate in
the S1B or S2B subconductance state without visiting the fully
open state. The S2B state is of relatively small unitary
Characterization of SR TRIC-Channels 419amplitude and can only be resolved clearly at high positive or
negative polarities (holding potentials Rþ40 mV or
%40 mV). Fig. 2 B shows the propensity of TRIC-B to
open to the subconductance states in preference to the fully
open state, tending to dwell longest in the S1B state. Compar-
ison of the Po in the fully open state, the S1B state and the S2B
state at positive and negative potentials, shows that the
probability of TRIC-B dwelling in any of these states is
higher at positive than at negative potentials. Hence, the
global Po (Po of full open state þ Po of S1B state þ Po of
S2B state) of TRIC-B is 0.24 5 0.07 at þ50 mV compared
to 0.045 0.02 (n ¼ 3) at 50 mV. This is a sixfold reduc-
tion in Po (*p < 0.05). The mean dwell times in the fully
open state, S1B state and the S2B state were 6.8 5 1.6,
62 5 37, and 34 5 21 ms, respectively at þ50 mV
compared to 2.4 5 1.5, 2.5 5 1.3, and 2.3 5 0.5 ms,
respectively at 50 mV showing that the duration of all
dwell times is reduced by imposing a negative holding
potential. The current-voltage relationships shown in Fig. 2
C show single-channel conductance values of 59 5 6 pS
for the S1B open channel level (left) and 35 5 4 pS for the
S2B open channel level (right).FIGURE 3 Purified TRIC-B in a KCl gradient. (A) Current fluctuations
through a representative single channel at þ20 mV with 810 mM KCl cis,
210 KCl trans. O and C represent the fully open and closed states, respec-
tively and S1B and S2B denotes the subconductance levels. (B) Current-
voltage relationships for the fully open channel state (top), the S1B open state
(middle), and the S2B open state (bottom). The data from Fig. 1 and Fig. 2 is
shown as a dashed line for comparison. The values shown are mean5 SD
(nR 3).Where not shown, error bars are within the symbols.Permeability properties of TRIC-B
The single-channel recordings shown in Fig. 1 and 2 were
carried out in 210 mM KPIPES. We assume that Kþ is the
permeant ion under these conditions because PIPES is a large
molecule, however, to confirm the selectivity of TRIC-B we
obtained recordings in a KCl gradient (810 mM KCl cis:210
KCl trans). Fig. 3 A illustrates a typical recording showing
that TRIC-B gating in KCl solutions is similar to that in
KPIPES. Fig. 3 B shows that in KCl gradient, the current-
voltage relationship was shifted to the left but the conduc-
tance of the channel was similar to that in symmetrical
210 mM KPIPES. In KCl gradient, the conductance of the
fully open channel, the S1B and S2B substates was 138 5 9
pS, 60 5 7 pS, and 45 5 19 pS, respectively. In the KCl
gradient, the reversal potential was 39, 40, and
41 mV for the fully open channel, the S1B and S2B subcon-
ductance states, respectively. These values coincide closely
with the calculated value for a channel ideally selective for
cations (38 mV).Sensitivity of TRIC-B to Ca2þ
TRIC-B is localized to ER/SR Ca2þ stores (1) and hence
in situ, would be subjected to changes in cytosolic and
luminal [Ca2þ]. We therefore investigated if TRIC-B func-
tion could be regulated by changes in [Ca2þ] on either
side of the bilayer. The top trace in Fig. 4 A shows represen-
tative TRIC-B single-channel events in symmetrical 210
mM KPIPES at þ20 mV. CaCl2 (100 mM) was then added
to the trans chamber and, as shown in the lower trace of
Fig. 4 A, no further channel openings were observed.When many channels incorporated into the bilayer such
that it was impossible to find any stretches of data where
single-channels were gating, we used noise analysis to esti-
mate channel activity and to observe the effects of Ca2þ.
A typical example is shown in Fig. 4 B. As in the experiment
shown in Fig. 4 A, addition of 100 mM CaCl2 to the trans
chamber closed the channels. The subsequent addition of
100 mM CaCl2 to the cis chamber, however, overcame the
inhibition and caused a large increase in the mean open
channel current reflecting an increase in Po. Inhibition by
trans Ca2þ followed by reactivation by cis Ca2þ was
observed in all experiments (n ¼ 5). If the experiment was
carried out in the reverse order (100 mM CaCl2 added first
to the cis and then to the trans chamber), we still observed
activation by cis Ca2þ and inhibition by trans Ca2þ
(Fig. S3).
The inhibition of single-channel current in response to
addition of trans Ca2þ is unlikely to be a blocking effect
because it can be reversed by addition of cis Ca2þ. Further-
more, in our KPIPES solutions, Kþ is the only permeant ion
and at þ20 mV, current flow will be in the cis to trans direc-
tion that will not favor the movement of trans Ca2þ into the
channel pore. We suggest, therefore, that inhibition of
current by trans Ca2þ and activation of current by cisBiophysical Journal 99(2) 417–426
FIGURE 4 Effects of Ca2þ on purified TRIC-B. (A) In the top trace
a representative single TRIC-B channel is shown at þ20 mV. The lower
trace shows the subsequent effects of adding 100 mM CaCl2 to the trans
chamber. O and C represent the fully open and closed states, respectively.
(B) A representative noise analysis plot from an experiment with multiple
channels at þ20 mV. The arrows illustrate the time of 100 mM CaCl2
additions.
FIGURE 5 Single-channel behavior of purified TRIC-A. (A) Purification
of recombinant TRIC-A from yeast culture. Proteins in each fraction were
separated on an SDS-polyacrylamide gel and stained with Coomassie
blue. (B) The top trace illustrates typical single-channel current fluctuations
through a purified TRIC-A channel at þ30 mV. The lower trace shows
a recording from another experiment (note the expanded timescale) to
show an example of the subconductance gating of TRIC-A. (C) Gating of
420 Pitt et al.Ca2þ is due to inactivation and activation of channel gating
caused by Ca2þ binding to receptor sites located on the
channel at locations outside the pore region.TRIC-A at 30 mV. At this potential, the subconductance states are very
brief and can be visualized in the lower panels showing the trace on an
expanded timescale. C, O, and S1A denote the closed, fully open, and sub-
conductance open states, respectively.Single-channel characterization of TRIC-A
It has been shown already that TRIC-A, a structural homolog
of TRIC-B sharing over 40% sequence homology, also
behaves as an ion-channel (1). We therefore wanted to
directly compare the functional properties of purified
TRIC-A and TRIC-B channels by using identical experi-
mental conditions. Fig. 5 A shows a Coomassie-stained
SDS-PAGE gel of sequential steps in the purification of re-
combinant TRIC-A from yeast culture. The right lane shows
the fraction that we incorporated into bilayers. Representa-
tive purified TRIC-A single-channel events in symmetrical
210 mM KPIPES are shown in Fig. 5. TRIC-A channels
were strongly voltage-dependent and were more open at
positive than at negative potentials. We never observed
any incorporation of channels that were more open at nega-
tive potentials and therefore assumed that TRIC-A always
incorporated in a fixed orientation. In Fig. 5 B, traces from
two different experiments are shown. The top trace illustrates
gating between the closed and fully open channel levels. The
lower trace illustrates that TRIC-A also gates to a subconduc-
tance state (S1A), ~70% of the fully open channel level.
At negative potentials, TRIC-A displayed only brief infre-
quent openings. The lower traces in Fig. 5 C show anBiophysical Journal 99(2) 417–426expanded timescale making it possible to observe gating to
the S1A subconductance level. TRIC-A did not gate indepen-
dently to the S1A subconductance state and entered the S1A
state only on entry or exit to the fully open state. This gating
is distinctly different from that of TRIC-B where the channel
gates predominantly in the subconductance states S1B and
S2B and seems to enter these states independently of transi-
tions to and from the fully open state.
Current-voltage relationships (Fig. 6) show that in
symmetrical 210 mM KPIPES, the fully open single-channel
conductance of TRIC-A is 1925 21 pS and the subconduc-
tance level (S1A) is 129 5 12 pS. Thus, under identical
recording conditions, the subconductance state of TRIC-A
is very similar in amplitude to the fully open state of
TRIC-B.
Unlike TRIC-B that preferentially opens to subconduc-
tance levels (Fig. 2 B), TRIC-A opens predominantly to
the fully open state at both positive and negative potentials
(Fig. 6 C). The global Po of TRIC-A (Po of full open state
þ Po of S1A state) is 0.71 5 0.16 at þ30 mV compared to
FIGURE 6 Gating and conductance properties of purified TRIC-A.
Current-voltage relationships of (A) the fully open state, and (B) the S1A sub-
conductance state in symmetrical 210 mM KPIPES solutions. Values shown
are mean 5 SD (n R 5). Where not shown, error bars are within the
symbols. (C) Po of the fully open state and the S1A substate at 530 mV
where O and S1A represent the fully open state and subconductance open
state, respectively. Data are mean5 SD (nR 3).
FIGURE 7 Typical Kþ current fluctuations resulting from skeletal LSR.
(A) The top trace shows representative single-channel events at þ30 mV.
Dotted lines labeled TRIC-A and TRIC-B show where the fully open states
of purified TRIC-channels would occur at this potential. The arrow shows
the zero current level. The row of stars (top right) illustrates increased base-
line noise that may represent S1B subconductance openings. The lower left
trace shows the TRIC-A-like current fluctuations on an expanded timescale
with the unitary conductance of the purified TRIC-A channel fully open and
S1A subconductance states indicated. The lower right trace shows the TRIC-
B-like current fluctuations on an expanded timescale with the unitary
Characterization of SR TRIC-Channels 4210.05 5 0.04 (n ¼ 3; *p < 0.05) at 30 mV (a 14-fold
Po reduction). The mean dwell times in the fully open state
and the S1A state were 75 5 38 and 13 5 1.0 ms, respec-
tively at þ30 mV compared to 23 5 16 and 2.5 5
1.5 ms, respectively at 30 mV showing that the duration
of all dwell times is reduced by imposing a negative holding
potential.conductance of the purified TRIC-B fully open and S1B subconductance
states labeled appropriately. (B–E) Current-voltage relationships of the fully
open states and subconductance states of native skeletal TRIC-like channels.
For comparison, the dashed lines illustrate the current-voltage relationships
of the purified TRIC-channels (from Fig 1, Fig. 2, and Fig. 6). Values are
mean5 SD (nR 3). Where not shown, error bars are within the symbols.Are TRIC-like channels found in native skeletal
and cardiac SR?
Western blot analysis shows coexpression of both TRIC
subtypes in skeletal and cardiac muscle (Fig S5), although
Northern blot analysis and cDNA cloning efficiency indicate
that TRIC-A and TRIC-B are predominant and minor
subtypes, respectively (H. Takeshima and M. Nishi, unpub-
lished observation). To identify channel activities formed by
native TRIC proteins, vesicles of skeletal and cardiac LSR
were incorporated into bilayers using identical recording
conditions to those used for the purified recombinant TRIC
channel experiments. Fig. 7 A shows a representative
recording observed after fusing vesicles of skeletal LSR
with a bilayer. The unitary amplitudes of the fully open states
of purified TRIC-A and TRIC-B channels obtained at þ30
mV are indicated by dashed lines on the traces so that any
LSR channel events that gate to these levels can be detected.
As the figure shows, we found current fluctuations with
amplitudes identical to those of the purified TRIC-A and
TRIC-B fully open states. A typical example of TRIC-A-like openings in the upper trace in Fig. 7 A is indicated by
a solid bar with the arrows indicating expansion of the time-
base of the recording in the lower left trace below. Here, as
a direct comparison, the fully open state (O) and the S1A sub-
conductance state (S1A) of the purified TRIC-A channel are
indicated by a dashed line. There are TRIC-A-like events
with long durations in the fully open state but also with open-
ings to a subconductance level that is ~70% of the fully open
channel. Openings to this subconductance level were brief
and only occurred on entry or exit to the full open state.
Current-voltage relationships reveal that the conductance
of the fully open state of the native skeletal TRIC-A-like
channel is 1915 5 pS (Fig. 7 B) and that of the subconduc-
tance state is 133 5 14 pS (Fig. 7 C). For comparative
purposes, the current-voltage relationships of purifiedBiophysical Journal 99(2) 417–426
FIGURE 8 Effect of voltage and Ca2þ on the Po of native cardiac and
skeletal TRIC-A and TRIC-B-like channels. (A and B) Po in the various
open states of native TRIC-like channels derived from skeletal (white
bars) and cardiac (hatched bars) light SR at530 mV.O, S1A, and S1B repre-
sent the fully open, TRIC-A subconductance open state and the TRIC-B sub-
conductance open state, respectively. Data shown are mean5 SD (nR 3).
(C andD) Effects of trans and cis addition of 100 mMCa2þ to bilayers where
skeletal light SR vesicles had been incorporated. Only experiments where
single TRIC-B and TRIC-A channels were gating were used. Global Po
for TRIC-A and TRIC-B were obtained at þ30 mV in symmetrical 210
mM KPIPES solutions. The values are mean 5 SE (n ¼ 6; **p < 0.01;
***p < 0.001).
422 Pitt et al.TRIC-A (from Fig. 6) are shown as dashed lines highlighting
the close similarity of the data obtained from native skeletal
TRIC-A-like channels and the purified TRIC-A proteins.
The TRIC-B-like currents observed in the top trace of
Fig. 7 A are also shown more clearly on an expanded time-
scale in the lower right trace. The section of the recording
that has been expanded is indicated by a solid bar and
arrows. As a direct comparison, the fully open (O) and the
S1B open state of purified TRIC-B are indicated by dashed
line. As observed with purified TRIC-B proteins, it can be
seen that the native TRIC-B-like channels from LSR exhibit
marked open channel noise. The native TRIC-B-like channel
also gates to a subconductance level that is ~40% of the fully
open channel, and panels D and E show that the conductance
of the fully open state (1435 4 pS) and that of the S1B sub-
conductance state (635 4 pS) are indistinguishable from the
values obtained for purified TRIC-B (data from Fig. 1 and
Fig. 2 are shown by the dashed lines).
The top trace also shows a typical period of increased
baseline noise that is frequently observed with incorpora-
tions of LSR into bilayers (see the stars in the top right
corner of Fig. 7 A). We cannot fully resolve these openings
but it seems likely that they may be single-channel openings
to a level comparable to the TRIC-B S2B level (see Figs. 2
and 3). As described previously, the S2B state can be resolved
only at membrane potentials R40 mV.
We also observed TRIC-like channels in cardiac LSR with
characteristics indistinguishable from those of the purified
TRIC channels. This data is detailed in the Supporting Mate-
rial and in Fig. S4.
In all experiments where cardiac (n ¼ 12) and skeletal
LSR (n ¼ 25) were incorporated into bilayers, we always
observed both TRIC-A-like and TRIC-B-like channels
gating. We did not obtain any fusion events that resulted in
only TRIC-A-like channel events or only TRIC-B-like
channel events. Thus TRIC-A and TRIC-B may be closely
located throughout the longitudinal SR. We were not able
to investigate if this was also true in the HSR membrane frac-
tion because Kþ currents through RyR channels dominated
in our recordings preventing clear identification of TRIC-A
and TRIC-B events.
We usually obtained fusion events that led to many TRIC-
like channels gating simultaneously in the bilayer and in
those experiments it was impossible to accurately assign
each opening event to either TRIC-A or TRIC-B. In some
experiments, however, we could observe what appeared to
be single TRIC-A and single TRIC-B channels gating in
the bilayer, and in these experiments we calculated the Po
for the fully open states of TRIC-A and TRIC-B and the
Po in the TRIC-A S1A and TRIC-B S1B substates. The results
of this analysis are shown in Fig. 8.
Our first observation was that, as with purified TRIC-A
(Fig. 6 C), the overall Po of native TRIC-A channels (both
skeletal and cardiac) was primarily the result of openings
to the fully open state with little contribution from transitionsBiophysical Journal 99(2) 417–426to the S1A substate (Fig. 8 A, left). In contrast, the Po of
native TRIC-B channels (similar to purified TRIC-B;
Fig. 2 B) was very dependent on openings to the S1B substate
especially for the native skeletal TRIC-B channel (Fig. 8 B,
left).
If we compare the global Po (combining the contributions
made by openings to the fully open state and subconductance
states) of single TRIC-A and TRIC-B channels, it seems that
the global Po of TRIC-A is higher than that of TRIC-B in
both skeletal and cardiac muscle at þ30 mV. At this poten-
tial, the global native TRIC-A Po was 0.07 5 0.04 (SD;
n ¼ 3) for skeletal and 0.135 0.12 (SD; n ¼ 3) for cardiac
whereas, global native TRIC-B Po was 0.0045 0.003 (SD;
n ¼ 3) for skeletal and 0.003 5 0.002 (SD; n ¼ 3) for
cardiac. The global Po of both TRIC-A (skeletal 0.003 5
0.002; cardiac 0.009 5 0.0006; SD; n ¼ 3) and TRIC-B
(skeletal 0.003 5 0.001; cardiac 0.008 5 0.0005; SD;
n ¼ 3) was reduced at 30 mV compared to þ30 mV as
shown in Fig. 8 B. The voltage-dependent reduction in Po
when switching from þ30 mV to 30 mV was much
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TRIC-B (1.7–3.6-fold reduction) showing that TRIC-A is
more strongly voltage-dependent.
When we incorporated cardiac and skeletal LSR into bila-
yers, the voltage-dependence of TRIC-A and TRIC-B was
always such that both channels were more open at positive
potentials than negative potentials. This was also true for
purified TRIC-A and usually true for purified TRIC-B.
Because SR vesicles are known to incorporate in a fixed
orientation such that the cis chamber always corresponds
to the cytosolic side of the membrane and the trans chamber
to the lumen of the SR (8), we can assume that in experi-
ments with purified TRIC channels, the cis chamber corre-
sponds to the cytosolic face of the channels.
We investigated whether native TRIC-A or TRIC-B chan-
nels were sensitive to the cis (cytosolic) or trans (luminal)
[Ca2þ] (single channel traces are shown in Fig. S6). The
mean data is shown in Fig. 8, C and D, and shows that addi-
tion of 100 mM trans Ca2þ followed by 100 mM cis Ca2þ
produced no significant alteration in the global Po of
TRIC-A (Fig. 8 C). In contrast, addition of 100 mM trans
Ca2þ shut the TRIC-B channel openings and 100 mM cis
Ca2þ overcame the inhibition causing a significant increase
in Po above control levels thus mimicking the effects of
Ca2þ on purified TRIC-B channels (Fig. 4).DISCUSSION
We believe our results provide the first demonstration that
the TRIC-B protein, which is expressed on intracellular
Ca2þ stores in most mammalian tissues, is a cation-selective
ion-channel. We have also characterized the functional prop-
erties of TRIC-A channels and believe that we have shown
that the gating and conducting behavior of TRIC-A and
TRIC-B channels can be distinguished readily. The SR
Kþ-channel has been perceived as a single entity since the
late 1970s (4–6,9). We now show that the Kþ-channel events
observed after incorporation of SR vesicles into artificial
membranes result from the gating of both TRIC-A and
TRIC-B channels.The dual nature of the SR Kþ-channel
The SR Kþ-channel has been studied in detail using ion-
channel reconstitution techniques similar to those described
in this study (4–6,9). So why has the dual nature of the SR
Kþ-channel been overlooked for 30 years? We believe the
key to this problem has been the generation of purified
TRIC-A and TRIC-B proteins that has allowed the functional
characterization of both proteins in isolation.
We believe the first cause for confusing TRIC-A and
TRIC-B as a single ion-channel can be explained by our
demonstration that fusion of cardiac or skeletal light SR vesi-
cles always results (in 37/37 experiments) in the incorpora-
tion of both TRIC-A and TRIC-B channels. Additionally,they share some important ion-handling properties; both
are permeable to Kþ and are impermeable to anions
(Fig. 3 A) (1). In terms of gating, both are influenced by
voltage in a broadly similar manner.
We also believe another major reason for confusing the
identities of TRIC-A and TRIC-B is the apparent similarity
of the TRIC-A S1A substate and the TRIC-B fully open level.
Under identical recording conditions (210 mM Kþ), the
conductances of the TRIC-A fully open state and S1A
substate are ~190 and 130 pS, respectively, whereas the
conductances of the TRIC-B fully open state and S1B and
S2B substates are ~140, 60, and 35 pS, respectively. The
amplitudes of the TRIC-A S1A substate (130 pS) and the
TRIC-B fully open state (140 pS) are very similar and, given
the high level of open-channel noise associated with TRIC-
B, it is not surprising that the two entities were confused.
A confounding problem is that both the TRIC-A S1A substate
and the TRIC-B fully open state are usually brief events rela-
tive to the TRIC-A fully open state (especially at negative
potentials) so that their gating characteristics also appear
similar. For example, the mean open time of the native
cardiac TRIC-A S1A substate at þ30 mV is 3.1 5 1.0 ms
(SD, n ¼ 3) that is indistinguishable from that of the native
cardiac TRIC-B fully open state (55 2.5 ms; SD, n¼ 3) but
vastly different to that of the TRIC-A fully open state (111
5 88 ms; SD, n ¼ 3). An important observation made
from studying the purified TRIC-A and TRIC-B preparations
was that TRIC-A never opens to the S1A substate indepen-
dently of the fully open state. Transitions to the S1A substate
only occur on route to the fully open state or as transitions
from the fully open state. In contrast, TRIC-B frequently
opens to and from its fully open state without first opening
to either the S1B or S2B substates (and can also open to the
substates independently of the fully open state). Therefore,
when single, isolated Kþ-channel openings of ~140 pS (in
210 mM Kþ) are observed after incorporating cardiac or
skeletal light SR into a bilayer, we can now assign them to
TRIC-B fully open events. If, however, under the same
experimental conditions we observe transitions on route to
or from the TRIC-A fully open state (190 pS) of a level
~130 pS we can then assign them to the TRIC-A S1A
substate.
Ion-channel reconstitution experiments using painted lipid
bilayers are usually associated with high levels of back-
ground noise because of the large bilayer capacitance.
Some of the early studies involving SR Kþ-channels filtered
the recordings heavily, usually between 100 and 400 Hz
(6,9,10). This would make it difficult to distinguish the
TRIC-A S1A substate from the TRIC-B fully open state.
Additionally, in most cases, the TRIC-B S1B and S2B
substates would simply have been lost within the noise.
It is interesting to note that previous publications from
both cardiac (10) and skeletal SR (9), describe the substate
of the SR Kþ-channel as noisy and of variable conductance.
What they rightly describe as noisy is the fully open state ofBiophysical Journal 99(2) 417–426
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study by Tomlins and Williams (9). The reason for the vari-
ability in conductance is that the TRIC-B fully open state and
the TRIC-A S1A substate are assigned together as the subcon-
ductance state of the SR Kþ-channel because, although they
are not identical, there was not enough evidence to suggest
that they were different.The dual nature of the SR Kþ-channel explains
some anomalies in the literature
The work of Miller (4), Coronado et al. (5), and Labarca et al.
(11) provided an extensive body of knowledge describing
the main characteristics of the SR Kþ-channel, particularly
the ion-handling properties and the effects of pH and voltage.
Other groups also added substantially to this (6,9,10,12), and
although there was general agreement within the findings,
there were some differences worth mentioning that could
result from variations in the relative Po of TRIC-A and B
and their subconductance states or in randomly different
bilayer incorporation levels of the two channels. One
example is the report by Labarca and Miller (13) on the
Kþ conductances derived from frog skeletal SR. They
observed two main Kþ conductances, termed a and b.
Most reports indicate that the SR Kþ-channel exhibits a sub-
conductance level that is ~70% of the fully open state but the
frog a conductance level was ~30% of the b conductance
level. It was suggested that the a and b conductance levels
could represent either two different channels in the bilayer
or a single channel with two conducting states. Labarca
and Miller preferred the second option but it is very likely
that the a state was actually the TRIC-B S1B state, which
we have shown can be of long duration (Fig. 2, Fig. 3, and
Fig. 8), and the b state was the TRIC-A fully open state
because the TRIC-B S1B state opens to a level that is 31%
of the TRIC-A fully open state.
The mean open time of the TRIC-A fully open state at
positive potentials is far longer than the mean open times
of either the TRIC-A S1A or the TRIC-B full, S1B or S2B
substates (Fig. 2, Fig. 6, and Fig. 8). We believe our obser-
vations show that TRIC-A and TRIC-B are both expressed
in striated muscle and suggest that levels of TRIC-A could
be greater than those of TRIC-B (Fig. S5). Thus, when
multiple vesicles of SR are incorporated into a bilayer, as
in many of the reports published previously of SR Kþ-
channel function, the predominant contributor to Po at posi-
tive potentials is the TRIC-A fully open state. Because
TRIC-A is more strongly voltage-dependent than TRIC-B,
previous calculations of the voltage-dependence of the SR
Kþ-channel will be based primarily on the behavior of the
TRIC-A fully open state but will vary because of the random
variations in the ratio of TRIC-A/TRIC-B incorporated into
the bilayers, and because TRIC-B is sensitive to micromolar
Ca2þ, will depend on the free cis and trans [Ca2þ]. This may
explain why the macroscopic (many channels) and theBiophysical Journal 99(2) 417–426microscopic (few channels) conductance-voltage relation-
ships of bilayers fused with SR vesicles cannot be exactly
superimposed (14). A stronger voltage-dependence of Csþ
block has also been shown for the b than for the a transition
states of the frog SR Kþ conductances (14); again this would
fit with the idea that b corresponds to the TRIC-A fully open
state and a to the TRIC-B S1B because TRIC-A is more
strongly voltage-dependent than TRIC-B.
It is notable that very little is known about regulators of
SR Kþ conductance beyond those of voltage and pH
(4,5,11). There have, however, been some reports of the
effects of Ca2þ on SR Kþ channels, both from the luminal
and cytosolic channel sides (4,12,15). Divalent cations
appear to be impermeant (5) but there is a general lack of
consensus regarding the effects of Ca2þ on Kþ-channel
gating, with reports that cytosolic Ca2þ may both activate
or inhibit (4,12,15). This is not surprising given that TRIC-
A and TRIC-B respond very differently to Ca2þ. Moreover,
the substate gating of both TRIC-A and TRIC-B plus the fact
that both channels tend to incorporate together into bilayers,
makes it difficult to measure Po in a reliable and relevant
manner. Understanding how changes in cytosolic or luminal
[Ca2þ] can alter the Po of SR Kþ-channels is therefore best
investigated with purified TRIC-A and TRIC-B proteins in
isolation.Physiological roles of TRIC-A and TRIC-B
It has generally been assumed that SR Kþ currents provide
a compensatory mechanism to balance the charge asymmetry
produced by Ca2þ-release from the SR. It has recently been
suggested, however, that RyR channels are better able to
provide their own counter-current and that other SR channels
would contribute only slightly to this role (16). Gillespie and
Fill (16) predict that without an efficient countercurrent
mechanism, the membrane potential across the SR would
arrive at the reversal potential for Ca2þ well within a milli-
second (<200 ms), thereby switching off SR Ca2þ-release.
They suggest that the SR Kþ-channel is more likely to
balance charge differences developed across the SR that
result from a slower process; that of Ca2þ-entry into the
SR via the SR Ca2þ-ATPase (SERCA). Data from knockout
mice, however, provides strong evidence that TRIC-A and
TRIC-B are more critically involved in regulating the
Ca2þ-release process rather than the SR Ca2þ-uptake process
(1,2). Mutant mice lacking TRIC-A are viable but the TRIC-
B knockout neonates die shortly after birth due to respiratory
failure (1). The double knockout mice lacking both TRIC-A
and TRIC-B subtypes exhibit embryonic cardiac failure and
an impaired Ca2þ-release process in isolated cardiomyocytes
even though intraSR Ca2þ levels are elevated; so much so,
that electron microscopy detected swollen ER/SR structures
and Ca2þ-oxalate deposits in these cardiac cells. In the
TRIC-B knockout mice, a similar story of ER Ca2þ-overload
was found in alveolar type II cells (2); the stores were
FIGURE 9 Proposed complementary roles of TRIC-A and TRIC-B as
charge-compensators. SR Ca2þ-release through RyR (or other Ca2þ-release
channels) is depicted in the top left of the figure. As Ca2þ leaves the SR, the
SR lumen becomes negatively charged relative to the cytosol. The voltage-
dependence of TRIC-A is such that the more negative the SR lumen
becomes, the higher the Po of TRIC-A. Monovalent (predominantly Kþ)
cation current can then flood into the SR via TRIC-A to replace positive
charge. Independent of TRIC-A, TRIC-B will also be activated by the nega-
tive SR/cytosol potential difference but the raised cytosolic [Ca2þ] will
powerfully stimulate the opening of TRIC-B even further, thus recruiting
additional monovalent cation flux into the SR to replenish positive charge.
SR Ca2þ-uptake via the SR Ca2þ-ATPase is depicted in the bottom right
of the figure. As Ca2þ is pumped back into the SR, unless compensated,
the SR lumen will become increasingly positively charged relative to the
cytosol. An increasingly positive SR/cytosol potential will inhibit TRIC-A
Po in a graded manner thus gradually reducing monovalent cation flux out
of the SR through TRIC-A until the relevant Nernst equilibrium potentials
are reached. TRIC-B Po is also voltage-dependent and therefore outward
monovalent cation flux through TRIC-B will also be reduced at positive
SR/cytosol membrane potentials. The gating of TRIC-B is dependent on
the cytosolic and luminal [Ca2þ] and therefore TRIC-B will be completely
inhibited as the intraSR luminal [Ca2þ] increases above 100 mM and the
cytosolic [Ca2þ] is reduced toward resting free [Ca2þ].
Characterization of SR TRIC-Channels 425overloaded yet the Ca2þ-release process was compromised.
Finally, a compelling indication that TRIC-channel function
is more crucial for supporting Ca2þ-release rather than Ca2þ-
uptake comes from comparing TRIC double knockout and
RyR2 knockout mice; both show similar cardiac malfunction
and swollen, Ca2þ-overloaded SR/ER of embryonic cardio-
myocytes (17). The Gillespie and Fill (16) model is based on
the extrapolation of current through RyR that will be carried
by various permeant ions at a range of SR membrane poten-
tials and assumes that the conducting properties of RyR are
not modified by physiological regulators or binding partners.We know, however, that certain agents do alter the ion-
handling characteristics of RyR channels. These include
ligands that bind to the calmodulin (CaM) binding site
(18,19), and other agents that induce subconducting gating,
for example, dihydropyridine II-III loop peptides (20,21)
or agents that dissociate FKBPs (22).
Our study of the purified TRIC-A and TRIC-B proteins
highlights important differences in the regulation of gating
of these two channels. Fig. 9 suggests a model of the role
of TRIC channels in regulating Ca2þ movements across
intracellular stores. TRIC-A is ~10-fold more sensitive to
trans-membrane voltage than TRIC-B whereas TRIC-B is
activated by micromolar cytosolic Ca2þ but inhibited by
high micromolar levels of luminal Ca2þ. Thus, TRIC-A
will primarily be opened by the development of negative
charge within the SR lumen whereas TRIC-B will be inde-
pendently activated as luminal Ca2þ decreases and cytosolic
Ca2þ increases (in addition to activation by voltage). These
unique gating properties of TRIC-A and TRIC-B will allow
potentiation of each other’s charge-compensating response.
Such a mechanism explains why the double knockout mouse
model that lacks both TRIC-A and TRIC-B is embryonic
lethal and more severe than either the TRIC-B or TRIC-A
knockout models (1). The TRIC-knockout mice data indi-
cates that SR Ca2þ-release is much more heavily dependent
on TRIC than the Ca2þ uptake process (1,2). Presumably this
is because the speed of SR Ca2þ-release demands a rapid
countercurrent mechanism of greater capacity than is
required for charge-compensation of Ca2þ-uptake. Further
work is underway to expand our understanding of how
TRIC channels are regulated, their essential physiological
role and how this integrates into the overall picture of SR/
ER Ca2þ-release and re-uptake processes.SUPPORTING MATERIAL
Methods, references, results, and six figures are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(10)00549-7.
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